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SUMMARY
A laser-driven miniflyer system is built in design similar to those at the Los
Alamos National Laboratory and Eglin Air Force Base. It is composed of three parts:
laser drive source, impact experiment assembly, and diagnostics. The laser drive
source is a Nd:YAG laser operating at 1064nm at a maximum energy of 3 J. The
impact experiment assembly consists of a BK7 substrate on to which is deposited
an ablation layer consisting of carbon, alumina, and aluminum. Mounted on the
ablation layer is a metal foil (flyer). The carbon in the ablation layer absorbs the
laser energy to form a rapidly expanding plasma. The alumina and aluminum layers
provide thermal insulation and also contain the plasma. The set-up is expected
to provide flyer velocities in the range of 100 to 1000 m/s. Diagnostics consist of a
Photonic Doppler Velocimetry (PDV) system that uses Doppler-shifted coherent laser
light to measure the instantaneous velocity of a moving surface, as well as velocity
dispersions caused by mechanical or material heterogeneities. This thesis will provide
a description of the set-up of the laser-driven miniflyer system, as well as an evaluation
of the flyer velocity, measured using the PDV system, as a function of laser energy.
The flyer velocity trends will be used in order to characterize and calibrate the system.
A manual providing system operation instructions will also be included to serve future
users of this miniflyer system.
xii
CHAPTER I
INTRODUCTION
1.1 Research Motivation
The laser-driven miniflyer system was designed to augment experiments performed on
gas guns, rail guns, powder guns and other large scale shock physics equipments. It
has advantages compared to other types of shock physics and mechanics experiments
because there is relatively little momentum or energy associated with the accelera-
tion process, so the system can be significantly smaller and sample recovery can be
significantly easier. It also reduces the cost per shot and enables repetitive experi-
ments on a shorter timeline. It is possible to routinely achieve up to 20 high-quality
experiments per day, compared with one or fewer on a gun. This, together with lower
cost, makes it possible to address one of the chronic problems of shock experiments–a
deficiency of repeat experiments and poorer statistics than in most other fields of
physics. Laser-driven miniflyer experiments also make it more convenient to study
small samples; a significant benefit when dealing with toxic, radioactive, or expensive
materials, or for correlating with numerical simulations such that the experiment and
simulation are performed at the same scale.
The motivation of this research is to set-up and characterize the performance of
the laser-driven miniflyer system. Future experiments are dependent on the results of
this research for the velocity versus laser pulse energy calibration curves generated in
this work. Decisions on flyer diameter, thickness, and mass can be based on measured
conversion efficiencies of each flyer setup, and spatial dimensions can be based on plots
of velocity versus distance. This research provides the foundation for future research
in high strain rate research and shock physics applications.
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1.2 Overview of Thesis
A background on the history of shock physics experimental approaches will be pro-
vided followed by descriptions of existing laser-driven miniflyer systems and their
uses. Variables that influence the design of the miniflyer system will be discussed
as well as the diagnostic tools used to measure the flyer and particle velocities. The
variables discussed in the background will then be addressed in a description of the
experimental layout of the laser-driven miniflyer system. Also discussed will be the
drive laser characteristics and the setup of the PDV system for diagnostics of flyer
acceleration. Finally, an evaluation of velocity as a function of laser energy will be
included in order to characterize the system. A manual providing system operation
instructions will also be included to serve future users of this miniflyer system.
2
CHAPTER II
BACKGROUND
A review of previous studies relevant to the laser-driven miniflyer system will be
presented in this chapter.
2.1 Shock Physics Experiments
In order to fully understand the conditions and reasoning for use of a laser-driven
miniflyer system, it is important to understand the progression of shock physics ex-
periments and their uses. The scientific basis for the description of solids under com-
pression from strong shock waves was established with the review article published in
the Solid State Physics Series by M.H. Rice, R.G. McQueen, and J.M. Walch of the
Los Alamos Scientific Laboratory entitled “Compression of Solids by Strong Shock
Waves” [25]. Since then, shock physics experiments have been developed for investi-
gating the dynamic properties of materials such as the equation of state, strength, and
phase changes. Shock compression is encountered when material bodies are subjected
to loading in which the time of load application is short compared to the time for
the body to respond inertially. The inertial responses are stress pulses propagating
through the body to communicate the presence of loads to interior points [2].
Methods to generate planar shock compression are needed to study the Hugoniot,
which relates the velocity of a shock wave and the pressure, density, and enthalpy
of the transmitting solid before and after the shock wave passes. The methods also
allow many other facets of a material’s behavior under uniaxial strain loading to
be studied. They can be divided into three categories: explosively-launched devices,
gun-launched projectiles, and instantaneous energy deposition using lasers. Explosive
launching with plane-wave generators require a design that makes use of the geometry
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Figure 1: An explosive plane-wave generator consisting of conical assembly of two
explosives of different detonation velocity (Asay, 1993).
which depends on differing detonation velocities in the system. This design produces
a planar detonation front which initiates a planar shock front in the specimen of
interest. One such plane-wave generating design is shown in Figure 1.
Planar shock waves can also be produced by using a gun to accelerate a flat-nosed
projectile or flyer plate mounted on a sabot which then impacts on to a flat specimen
(Figure 2). There are several types of guns. Each varies in that it uses a different
kind of propelling medium to launch the projectile. Light gas guns use sudden release
of compressed air or helium to shoot projectiles at speeds up to 1 km
s
. Gas guns are
useful for shock-wave experiments up to a few tens of GPa [1]. Powder guns use
the energy released from high-pressure gases of the propellant products to accelerate
the projectile to high velocities. Impact velocities to about 2.3 km
s
can be attained,
generating peak shock pressures in materials to nearly 100 GPa [1].
Two-stage gas guns use ignited gun powder to drive a deformable plastic piston
that compresses hydrogen or another light gas until a burst valve is released, thus
accelerating the projectile. As the projectile begins its acceleration, the piston con-
tinues moving into a conical section of the acceleration reservoir. As the piston is
squeezed down by the cone, it picks up speed and pushes the rest of the hydrogen
in the reservoir down the barrel to further accelerate the projectile. Two-stage gas
4
Figure 2: Schematic illustration of a gun experiment in which the projectile is
accelerated using compressed gas or propellant to impact a target specimen. Impact
velocities are measured using electrical probes or laser beam interruption (Asay, 1993).
guns are capable of attaining peak velocities in the 7-8 km
s
range with peak shock
pressures approaching 1 TPa in high impedance materials [2]. The two-stage gas gun
configuration is shown in Figure 3.
For velocities in the 10-20 km
s
range, a rail gun can be used. A rail gun consists
of two parallel metal rails that are connected to an electrical power supply. When a
conductive projectile is inserted between the rails it completes the circuit created by
the two rails, and electrons are able to flow from the negative terminal of the power
supply up the negative rail, across the projectile, and down the positive rail, back to
the power supply. This current makes the rail gun behave similar to an electromagnet,
creating a powerful magnetic field in the region of the rails up to the position of the
projectile which accelerates the projectile along the rails. While velocities up to 20
km
s
are possible, the heat generated from the acceleration of the projectile can rapidly
erode the rails. This requires frequent replacement of the rails, or use of a heat
resistant material that is conductive enough to produce the same effect.
The directed energy deposition method describes the process used for the laser-
driven miniflyer system. There are two techniques that can be used for flyer acceler-
ation by a pulsed laser. The first is direct laser irradiation in which a thin foil flyer
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Figure 3: A typical two-stage gas gun in which ignited gun powder drives a de-
formable plastic piston that compresses hydrogen or another light gas until a burst
valve is released, accelerating the projectile. As the projectile begins its acceleration,
the piston continues moving into a conical section of the acceleration reservoir where
it is squeezed down by the cone picking up speed and pushing the rest of the hydrogen
in the reservoir down the barrel to further accelerate the projectile (Asay, 1993).
is directly irradiated by a laser beam and accelerated by the counterforce of the laser
ablation. The unvaporized layer of foil is driven off as a flyer plate. He et al. [11]
showed the acceleration of a 10 µm-thick Al foil up to 9.2 km
s
at a laser intensity of
260 GW
cm2
. This technique has very low efficiency during the energy conversion from
laser energy to kinetic energy of the flyer because of the lack of a physical backing to
contain the expanding plasma. Sheffield et al. [31] found efficiencies of less than 1%
in experiments performed without a backing substrate.
The second technique remedies the low efficiency problem by using a plasma-
confinement technique in which a composite foil is used rather than a single homo-
geneous foil. The foil is backed by a substrate to contain and direct the force of the
plasma expansion. A three layer composite is used to thermally separate the plasma
generating material from the flyer material (Figure 4). Often this middle layer is com-
posed of a dielectric, such as aluminum oxide. Hongo et al. [14] used this technique to
launch a 25 µm-thick Al flyer to 1.1 km
s
at a laser intensity of 4.9 GW
cm2
. This technique
also detaches plate launch from plate impact. The shock generated in the target is
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Figure 4: A laser pulse travels through the uncoated side of a substrate transparent
to the wavelength of the laser. The laser energy irradiates the carbon coating to
create a plasma. The expanding plasma is thermally isolated from the flyer by the
laser of aluminum oxide, and the layer of aluminum physically contains the plasma
(Swift, 2005).
decoupled from laser deposition and buffered from discontinuities in the laser beam
profile [33].
The laser-driven miniflyer system has advantages compared to explosives and guns
because there is relatively little momentum or energy associated with the accelera-
tion process, so the apparatus can be significantly smaller and recovery of the sample
significantly easier [38]. This reduces the cost per shot and enables repetitive ex-
periments. Swift et al. [38] routinely achieve 10-15 high-quality experiments per
day, compared with one or fewer on a gun, which, together with lower cost make it
possible to address one of the chronic problems of shock experiments–a deficiency of
repeat experiments and poorer statistics than in most other fields of physics. Laser-
driven miniflyer experiments also make it more convenient to study small samples, a
significant benefit when dealing with toxic, radioactive, or expensive materials.
It should be noted that laser generated shocks using large lasers have been used for
many years to study material effects through direct laser-material interactions [21].
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Rapid heating from the bombardment of photons on the target results in sudden
expansion of the surface, creating a shock wave. Extreme conditions with shock
pressures in the mega-bar range and strain rates > 107 s−1 are produced when the
laser pulse ablates the target material producing a rapidly attenuating triangular
shock-wave [16]. However, with such a loading condition, it is difficult to establish
the true shock state and obtain correlation with resulting materials effects. The
use of a laser pulse to produce a plasma to accelerate a flyer plate and impact a
target provides much better definition and control of the shock pulse. The amplitude
of the shock wave is governed by the impact velocity and the target-flyer material
impedance, while the shock pulse duration is influenced by the thickness of the flyer
plate. In a way, laser-accelerated flyer impacts represent a scaled-down version of gas
gun plate-impact experiments, with shock pulses of nanosecond duration and strain
rate of 106 s−1.
2.2 Laser-Driven Miniflyer System
There are many types of laser-driven miniflyer systems in use around the world. Each
has a setup that is tailored to the specific experiments it is used to perform. There are
systems at Los Alamos National Laboratory, Air Force Research Laboratory at Eglin
AFB, the Tokyo Institute of Technology, Sandia National Laboratories, the University
of Tokyo, the Hebrew University of Jerusalem, and the University of Cambridge.
The miniflyer system at Los Alamos National Laboratory [27] is similar to the
one being set up at the High Strain Rate Lab at the Georgia Institute of Technology.
The driving laser used to launch the miniflyer is a single-shot, Q-switched Nd:glass
laser consisting of an oscillator and up to two amplifiers. The oscillator produces a
20- or 40-ns pulse with a maximum energy of 3 J. With the two amplifiers, the final
pulse can have up to 15 J of energy in a nearly Gaussian beam. This beam is focused
into a top-hat profile using a diffractive beam shaper. A small portion (1%) of the
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driving pulse is split off to a detector using a pellicle beam splitter.
Robbins et al. [27] mount each flyer plate on a 19 mm diameter by 1.6 mm thick
substrate window coated with 0.5 µm layer of carbon, a 0.5 µm layer of aluminum
oxide, and a 3.0 µm layer of aluminum. Mounted on the substrate with Epon Resin
815C with an RF20 hardener is a 3 mm diameter metal flyer. Typically, the flyers
are 50 µm or 100 µm thick. A very small amount of glue is used (1 mL) to create a
bond thickness on the order of 1 µm.
The Los Alamos setup uses VISAR to collect most of the miniflyer acceleration
data [27]. Line optically recording velocity interferometer system (ORVIS) is also used
for collecting data over a line rather than a single point. To measure the flyer plate
behavior between launch and impact a stereoscopic camera system is used. Three-
dimensional reconstructions of the flyer surface can be determined using this camera
setup. The laser-driven miniflyer system at Los Alamos National Laboratory is used
for copper and uranium spall measurements, as well as collecting Hugoniot data [27].
VISAR is used to measure the peak free-surface velocities of the materials to generate
wave profiles. The wave profiles are then used to calculate spall strength and strain
rate. To measure Hugoniot data using the miniflyer setup the change in velocity when
the flyer impacted a window with known properties is observed. By measuring both
the flyer velocity before impact and the flyer/window interface velocity after impact
and knowing the window material’s shock properties, a point on the Hugoniot can be
determined [27].
The Tokyo Institute of Technology uses a Q-switched Nd:YAG laser with wave-
length of 1064 nm and a pulse width of 10 ns. The Gaussian distribution of the
laser beam is transformed to a flat-top profile with a multilens-array coupled with
a planoconvex lens [14]. The focused laser spot is a hexagon with sides 1.25 mm
long and a laser intensity between 2.0 and 4.9 GW
cm2
. Aluminum foil (10, 18, 25, 30,
40 or 50 µm thick) is glued to a 3 mm thick glass substrate using 5 µm of epoxy
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resin. Shock compression and recovery experiments on MnF2 are performed using
the laser-accelerated flyer system with ORVIS used to measure free surface velocities
of the flyer [14]. One of their experiments involves powdered MnF2 compressed to
70% density and placed between a backup glass and aluminum pasted glass with a
teflon spacer. The shock pressure from the impact of the flyer is obtained using an
impedance matching method [14]. With this setup, Hongo et al [14] were able to ac-
celerate the 25 µm thick aluminum flyer to 1.1 km
s
by laser irradiation at an intensity
of 4.9 GW
cm2
. The resulting shock pressure was estimated to be 6.0 GPa [14].
Sandia National Laboratories uses a technique of fiber optic coupling rather than
lens coupling [41]. The driving laser in this case is a Q-switched Nd:glass oscillator
emitting light at 1054 nm in 18 ns pulses. Flyer targets are prepared using physical
vapor deposition on polished output ends of 0.4 mm diameter multi-mode optical
fibers [41]. The spatial profile of the laser is relatively flat at the output end of the
fiber due to mode mixing of the laser within the fiber. ORVIS is used to determine
velocity-time histories and final flyer velocities and an IMACON streak camera is used
to capture images of accelerating flyers. The setup at Sandia is used for quantitative
studies involving short-pulse shock compression.
Other laboratories use Nd:YAG lasers for studies of shock loading behavior. While
the laser intensities that each laboratory uses may differ, the setups are very similar.
A driving laser is sent through a beam shaper to create a top-hat profile [15] or left in
its Gaussian form [11, 5, 43]. The beam then irradiates a metal foil or foil composite
mounted on a glass substrate [15, 5, 43] creating a plasma that accelerates a portion
of the foil towards a target. VISAR is used most often to determine flyer velocities
[15, 11], but streak cameras are also used quite often [43, 11].
One notable difference in setup comes from Cogan et al. [5] at the Hebrew Uni-
versity of Jerusalem. In their setup, the laser beam is split so that the substrate is
irradiated by two pulses with a predetermined time delay created by a three mirror
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delay line [5]. The non-delayed beam is focused directly on the target while the de-
layed beam is incident on the target at 7◦ with respect to the normal. Measurements
of the impact crater are done using a profilometer. These profilometric scans help to
obtain a reliable estimate of the mass of the ejected flyer and therefore the launching
efficiency of the laser system [5]. It was found that the delay leg decreased launching
efficiency. Cogan et al. [5] concluded that the optimal pulse length would be in the
subnanosecond region but above 20 ps.
2.3 Variables Influencing the Design of the Laser-Driven
Miniflyer System
Many variables can influence the design and performance of the laser-driven miniflyer
system. Among these are the substrate window materials used to mount the flyers,
the substrate window coatings and flyer material, the laser fluence, and the drive laser
characteristics. These variables will be discussed in the following sections.
2.3.1 Window Materials
The window material used as a substrate for the flyer assembly is a potentially sig-
nificant parameter affecting flyer velocity. Paisley [23] used substrate windows to
improve the coupling coefficient from the laser pulse to the flyer plate by confining
the laser-beam side of the flyer plate with a high-impedance transparent material,
rather than using direct irradiation methods. Robbins et al. [27] investigated the
effects of four window materials: sapphire, fused silica, laser-grade BK7, and com-
mercial grade BK7. All the materials are transparent to the 1054 nm wavelength
light emitted from the Nd:Glass laser, but they have different refractive indices and
different shock impedances. The refractive index is a measure of how much the speed
of light is reduced inside the material. The shock impedance is the product of the
density and the longitudinal wave speed. Sapphire has both the highest refractive
index at 1.75 and the highest shock impedance at 45 g
cm3
mm
µs
[27]. Fused silica has the
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Figure 5: Flyer velocity profiles for 0.05 mm-thick copper flyers launched from four
window materials ( 2.1 J for each shot) (Robbins, 2004).
lowest refractive index at 1.45 and a shock impedance of 13 g
cm3
mm
µs
[27]. BK7 has a
refractive index of 1.51 and a shock impedance of 12 g
cm3
mm
µs
[27].
A set of flyer velocities for the four different window materials from Robbins et
al. [27] is shown in Figure 5. Each flyer was launched with roughly 2.1 J per shot.
The velocity versus time trends measured with VISAR are typical for these type of
experiments. In fact, the results of tests by Stahl et al. [33] done with roughly
3.3 J per shot correspond very well to the tests done by Robbins et al [27]. Both
research groups found that the flyer from the sapphire window achieved a slightly
higher velocity at first, but its velocity leveled out sooner resulting in a slightly lower
impact velocity [33, 27]. These results suggest that differences in window materials
have little effect on impact velocities.
The amplitude of the oscillations in the velocity profiles does appear to be some-
what dependent on the window material. As seen in Figure 5, the amplitude of the
oscillations was largest for the sapphire window due to the higher shock impedance
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of sapphire [33]. The amplitudes of oscillation for the flyers launched off of the other
window materials were lower by 25%-40% of that measured for the sapphire [27].
When considering the data for all of the experiments done by Robbins et al. [27],
they found the same qualitative results leading to the conclusion that the difference
is sufficiently small to be of little concern in choosing a window material.
Figure 6a and 6b show the primary results of the study by Robbins et al. [27]: the
final flyer velocity versus pulse energy for all four of the window materials and both
coating configurations (0.5 µm-thick Al vs. 5.0 µm-thick Al). A double exponential
fit to the flyer velocity profile was used to determine the final flyer velocities. For
the fused silica and sapphire windows (Figure 6a) the velocities are clustered, with
up to +10% and -15% variation at a given pulse energy [27]. For the BK7 windows
(Figure 6b), the clusters at a given pulse energy are much tighter, at most ±5%
variation and yield slightly higher velocities than the other windows [27]. Given the
low cost of commercial-grade BK7 windows, Robbins et al. [27] used this material for
all subsequent studies.
2.3.2 Substrate Window Coating and Flyer Material
As stated previously, there are two techniques that can be used for flyer acceleration
by a pulsed laser. The first is direct laser irradiation in which a thin foil flyer is
directly irradiated by a laser beam and accelerated by the counterforce of the laser
ablation. In this case, the unvaporized layer of foil is driven off as a flyer plate. The
second technique uses a composite material rather than a single homogeneous foil to
better confine the plasma, create a thermal barrier, and increase the efficiency of the
energy conversion from laser to kinetic energy of the flyer.
Studies by Trott [41] and Hatt et al. [10] both used homogeneous aluminum layers
4 µm thick to coat target substrates. These coatings were compared to composite
coatings containing a sub-micron layer of aluminum oxide. The composite coatings
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Figure 6: Flyer velocity versus driving-laser pulse energy for (a) quartz and sapphire
and (b) commercial-grade and laser-grade BK7 window materials (Robbins, 2004).
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Figure 7: Peak flyer velocities as a function of incident fluence. Comparison of data
with analytical model for aluminum and composite targets (Trott, 1994).
were between 3.6 µm- and 4 µm-thick [41, 10]. The velocity results of Trott’s per-
formance comparison between aluminum targets and a composite target is shown in
Figure 7. Throughout the entire range of incident fluences, the composite flyers attain
a higher final velocity for a given driving fluence. The effect is quite pronounced at
fluences < 6 J
cm2
but becomes less pronounced at higher fluences.
The study by Hatt et al. [10] exhibited similar results, as shown in Figure 8. The
3.6 µm-thick multiple layer target achieves approximately 17% higher velocity than
the single layer 4 µm-thick Al target after allowing for the difference in the target
thicknesses [10]. This result is consistent with Paisley’s [23] results showing a ∼30%
increase in energy conversion efficiency. The efficiency increase can be attributed to
the higher shear strength of the aluminum oxide, resulting in a higher pressure before
shearing out a metal flyer plate [23].
The studies by Trott [41], Hatt et al. [10], and Paisley [23] also attribute the
efficiency increase to the thermal barrier that aluminum oxide provides to buffer
the flyer from the radiant exposure of the laser. Robbins et al. [27] state that the
aluminum oxide layer also helps to prevent significant flyer heating. Finally, data
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Figure 8: Comparison between various Al targets, showing the effect of a dielectric
layer (Hatt, 1996).
from studies by Trott [41] indicate that composite flyers provide better planarity and
cohesion of the flyer during flight.
2.3.3 Laser Fluence
The fluence of the driving laser has a significant impact on the final velocity of the
flyer, for which the plasma physics driving the flyer requires more study. Ripin et al.
[26] considered a rocket analogy to describe the hydrodynamic behavior of the flyer
during the acceleration phase. The ablative acceleration uses the thrust of the plasma
blow-off on the laser side of the flyer to accelerate the remaining portion of the flyer
to high speed. In this model, the plasma was free to expand in any direction, cutting
the efficiency of the flyer launch.
The next development in theoretical analysis of laser-driven miniflyers was by
Lawrence and Trott [20] in which they used conservation of energy in the framework
of the Gurney theory used for acceleration of metal plates with explosives [9]. In
order to generate a model that was easy to use and that would describe all major
features of the dynamic response of the system, some simplifying assumptions and
approximations were made. The most basic was that the energy deposition in the
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Figure 9: Symmetrical sandwich configuration with center plane comprising of flat
explosive layer of mass C and two flyer plates of mass M each, used to study the
explosive-metal interaction and resulting acceleration of metal plates.
flyer, the vaporization and blow-off phenomena, and the forces driving the flyer were
all one dimensional (i.e. the flyer was thin compared to its lateral dimensions, and
the laser fluence was uniform on the substrate). The next assumption was that the
substrate is transparent to the driving laser’s wavelength, but mechanically rigid with
respect to the blow-off products from the flyer. The deposition of the laser energy
in the flyer was approximated with a standard exponential profile controlled by an
effective absorption coefficient. This coefficient is a function of the laser absorption
coefficient and the laser pulse duration. The last approximation was a key part of
the Gurney theory [20]. It represents the spatial velocity distribution of the blow-off
products as a linear function, extending from zero at the rigid substrate to the actual
flyer velocity at the blow-off/solid interface [20].
To apply the Gurney theory, Lawrence and Trott [20] treated the constrained
configuration as one-half of a “symmetric sandwich” as described by Kennedy [18]
and shown in Figure 9. In the planar geometry, the vaporized portion of the flyer
replaced the high explosive of the original theory and the substrate served as the
plane of symmetry. This allowed Lawrence and Trott [20] to base their equations on
the conservation of energy. Equating the “potential energy” deposited in the flyer
by the laser with the kinetic energy of both the blow-off products and the remaining
solid portion of the plate yields [20]
ρxdE = (ρ/2)(x0 − xd)v20 + (ρ/2)
∫ xd
0
(v0x/xd)
2 dx. (1)
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The left hand side of the equation represents the energy available in the blow-off for
accelerating the flyer, where ρ is the flyer density, xd is the thickness of the layer that
is vaporized by the laser, and E is the Gurney energy. The first term on the right is
the kinetic energy of the flyer, which has an original thickness xd and a final uniform
velocity v0. The last term on the right is the kinetic energy of the blow-off material.
Lawrence and Trott [20] assumed a linear Lagrangian velocity profile of the form [20]
v(x) = (vo/xd)x, 0 ≤ x ≤ xd. (2)
Because of the one-dimensional planar geometry, each term in Eq. 1 has units of
energy per unit area. This expression can be solved easily for the flyer velocity vo,
obtaining [20]
vo =
√
3E
3xo/2xd − 1 . (3)
There are no difficulties with this equation unless xd ≥ 3xo/2, an impossible situation
since xd < xo.
To use Eq. 3, definitions must be provided for both the Gurney energy E and the
blow-off depth xd. Lawrence and Trott [20] first assumed that the energy in the laser
pulse is deposited exponentially in the flyer according to an effective absorption co-
efficient, µeff . Lawrence found that the velocity of the flyer was relatively insensitive
to the energy deposition profile [19], so Lambert’s Law was used to find the energy
per unit mass in the flyer, (x) [20]
(x) = µeffFo(1− r) exp(−µeffρx), (4)
where Fo is the laser fluence incident on the flyer, and r is the effective fractional
energy loss. Energy can be lost due to reflection and radiation and is integrated
over the entire time of interaction. This deposition profile is illustrated in Figure
10, where it is important to note that the energy at the inner surface of the flyer is
(x) = µeffFo(1− r).
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Figure 10: Exponential energy deposition profile (Lawrence, 1993).
Pulse-width dependence was incorporated into the model by taking µeff to be a
function of both the true mass absorption coefficient, µα, and the laser pulse duration,
τ . The form Lawrence and Trott chose was [20]
µeff =
µα
1 + kµaρ
√
ατ
, (5)
where α is the thermal diffusivity of the flyer. α is related to common thermal
properties through the equation α = K/ρcp, where K is the thermal conductivity
and cp is the specific heat. Lawrence and Trott [20] added the constant, k, to allow
for uncertainties in the handbook values for µα and α.
The thickness, xd, of the layer vaporized from the flyer is determined by finding the
depth at which the deposited energy is equal to the vaporization energy, d. Lawrence
and Trott [20] then solve Eq. 4 in the form (xd) = d, obtaining [20]
xd =
1
µeffρ
ln
(
µeffFo(1− r)
d
)
, (6)
as suggested in Figure 10. The amount of energy available for accelerating the flyer,
Etot (indicated in Figure 10), is the energy above d and contained in the blowoff
later. It can be found from [20]
Etot =
∫ xd
0
[(x)− d] dx, (7)
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Figure 11: Peak flyer velocities versus incident fluence for indicated foil thicknesses
and laser pulse durations (Trott, 1991).
where (x) and xd are obtained from Eq. 4 and 6. This leads to [20]
Etot =
Fo(1− r)
ρ
− d
(
1
µeffρ
+ xd
)
. (8)
The first term on the right is the total deposited energy, and the second term on
the right represents the amount that cannot be converted into kinetic energy. This
amount arises from energy lost to deposition beyond the blow-off depth, d/µeffρ,
and energy used for vaporization, dxd. Finally, Lawrence and Trott [20] define the
Gurney energy as this latter value, Etot, averaged over the thickness of the blow-off
layer, E = Etot/xd, or [20]
E =
Fo(1− r)
ρxd
− d
(
1 +
1
µeffρxd
)
. (9)
To use the model for predicting flyer velocity, Lawrence and Trott [20] first calcu-
late the effective absorption coefficient, µeff . from Eq. 5. Then, for each laser fluence
of interest, they find xd from Eq. 6, and E from Eq. 9. The flyer velocity, vo, follows
from Eq. 3.
The results of this derivation are supported by the earlier experimental results of
Trott et al. [40, 42] shown in Figures 11 and 12. Both studies have found that the
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Figure 12: Peak flyer velocities versus laser energy with least squares fits assuming
a square root dependence of foil velocity on laser energy (Trott, 1990).
peak flyer velocity scaled with the square root of fluence, suggesting a simple kinetic-
energy relationship assuming a small ablated mass fraction and a nearly constant
efficiency of coupling optical energy into flyer kinetic energy, k, or [40, 42]
v =
√
2kE
m
. (10)
Conversion efficiency was found to decrease from fluences < 10 J
cm2
until fluences of
3 J
cm2
where flyer acceleration did not occur [40, 42].
It is important to note that the above studies were done using fiber-optic cou-
pling techniques. However, Lawrence and Trott [20] considered the case of substrate
mounted flyers with lens-coupling and found that because of the different coupling
method, the delivery of the laser energy to the flyer was less efficient than with the
fiber [20]. An energy loss fraction of r = 0.78 was needed to match the data [20]. All
other input constants were the same. The results, plotted in Figure 13, show very
good agreement between theory and experiment. Changes in laser fluence uniformity
across the flyer diameter did not lead to any significant anomalies in the flyer response
[20], supporting previous studies by Lawrence [19]. More recently, though, He et al.
[11] has observed that at laser intensities higher than 50 GW
cm2
, the relationship between
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Figure 13: Comparisons between theory and experiment for lens-coupled Al flyers
(Lawrence, 1993).
laser fluence and flyer velocity is more complex and cannot be explained by a simple
kinetic-energy relationship.
2.3.4 Drive Laser Characteristics
One of the requirements for the laser-driven miniflyer system is a laser beam with
a uniform cross-section. For uniform irradiance of the flyer, it is desirable that the
Gaussian profile of the Nd:YAG laser is transformed into a flat-top profile. Beam
shaping is the process of redistributing the irradiance and phase of a beam of optical
radiation [7]. The beam shape is defined by the irradiance distribution and the phase
of the shaped beam. The output of the shaping optic is a collimated beam with a
prescribed radial profile that is nearly constant over a substantial range of propagation
[13]. Laser beam shaping techniques can be divided into three broad classes. The
first is the use of an aperture to select a suitably flat portion of a beam, illustrated
in Figure 14. The main disadvantage of this method is that the technique is not
loss-less. For the laser-driven miniflyer system, laser energy losses are undesirable.
The second major technique for beam shaping is field mapping, in which the
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Figure 14: Uniform irradiance obtained by aperturing input beam (Dickey, 2000).
amplitude and phase of the incident beam is transformed in a deterministic fashion
defined by the shape of the refractive surfaces [13]. This method can be effectively
loss-less and works well for single-mode beams of known profile [30]. The remaining
technique is beam integration. A beam integrator breaks the input beam into a large
number of facets by a lens-array, then tries to spread the energy within each facet over
the output region [30]. The output beam profile is a sum of the diffraction patterns
of each lens-array aperture [30]. Beam integrators are suited for multi-mode beams
where the input profile may be unknown.
The laser-driven miniflyer system using a single-mode beam of known profile re-
quires field mapping as the best option for beam shaping. The basic field mapping
layout is shown in Figure 15. For both setups the first aspheric surface redistributes
rays in such a way as to transform the profile and the second aspheric surface recolli-
mates the beam. To avoid internal focus that can limit power handling capabilities as
in the Keplerian geometry, a Galilean geometry is best for the laser-driven miniflyer
system.
A Gaussian to flat-top beam transformation must satisfy several requirements:
uniformity of the output beam, efficient utilization of the input beam power, and
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Figure 15: Schematic layout of two-lens beam reshaping optics illustrating the (a)
Galilean and (b) Keplerian geometries (Hoffnagle, 2003).
propagation of the beam across a useful range [13]. To best quantify this transforma-
tion, calculating the parameter β helps to determine the quality of the transformation
[30]
β =
2
√
2piroYo
fλ
, (11)
where λ is the wavelength, ro is the beam radius, Yo is the half-width of the desired
output dimensions, and f is the focal length of the focusing optic, or the working
distance from the optical system to the target plane. For simple geometries, the
following guidelines apply:
• If β <4, a beam shaping system will not produce acceptable results.
• When 4< β <32, diffraction effects are significant and should be a part of the
design of the beam shaping system.
• When β >32, geometrical methods should be adequate for design of beam
shaping systems.
Figure 16 shows how changes in β affect the final shape of the flat-top beam.
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Figure 16: Beam intensity variations with changes in β (Romero, 1996).
The shape of the incident laser beam can affect the planarity of flight of the flyer.
Watson and Field [43] stated that better integrity of the flyers can be expected if the
flyers are launched with a top-hat beam profile. A more 1-D ablation profile would
be produced leading to a more planar flyer profile and reduced shear forces within
the flyer which can cause break-up of the flyer [43].
2.4 Velocity Measurement Diagnostics
Velocimetry is one of the primary diagnostic tools used in shock physics experiments.
Laser velocimetry is one of the few ways to get accurate velocity results with laser-
driven miniflyer system experiments due to the small scale of the target and the
short flight path. One of the diagnostics that works well with the miniflyer system is
Photonic Doppler Velocimetry (PDV). This system is based on the Doppler effect, a
shift in frequency and wavelength of waves which results from a source moving with
respect to a medium. The velocimetry system creates and analyzes the beat pattern
that occurs when the unshifted light is combined with the shifted light in a different
way. Figure 17 shows how two high frequency waves combine to create a beat pattern.
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Figure 17: A 110 Hz sine wave (cyan) beating with a 104 Hz sine wave (magenta)
to create a beat frequency of 6 Hz (red).
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Table 1: PDV primary components and vendors (Strand, 2005).
Component Vendor Model Number or Type
Fiber Laser IPG Photonics ELD-2-1550-SE
Circulator JDS Uniphase CIR-230031000
Single mode fiber Corning SMF-28
Probe Oz Optics Various
Detector Newport Corporation AD-70xr-FC
Amplifier Picosecond Labs 5840A
Digitizer Agilent Technologies 54885A Infinium
2.4.1 Photonic Doppler Velocimeter
PDV is a new development in velocimetry made possible by the telecommunication
industry’s commercialization of high bandwidth electrical components that utilize
single-mode fiber-optics operating at 1550 nm [35]. Table 1 contains a list of the
primary components and their vendors used to create a typical PDV system such
as the one at Lawrence Livermore National Laboratory [35]. All items are commer-
cially available and relatively low-cost, making the creation of a PDV system more
accessible.
The basic geometry of a PDV is shown in Figure 18. A single-mode 1550 nm laser
is used to illuminate the moving surface to be measured. Optical fibers are used to
transport light from the laser to a probe containing a focusing lens. This same probe
then collects light that is scattered or reflected from the moving surface and sends the
Doppler-shifted light to the detector. Non-shifted light is also routed straight from
the input laser to the detector. The beat signal is generated at the detector by mixing
the shifted and non-shifted light signals. The frequency of the light emitted by the
laser is fo =
c
λ
where c is the speed of light and the frequency of the Doppler-shifted
light is fd(t). The beat signal is generated at the detector with a frequency fb(t) equal
to the absolute value of the difference between the Doppler-shifted frequency and the
non-shifted frequency fb(t) = |fd(t)− fo|. The beat frequency fb(t) is then related to
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Figure 18: The basic geometry of a PDV system (Strand, 2006).
the velocity v(t) by [34]
fb(t) = |fd(t)− fo| = 2
[
v(t)
c
]
fo. (12)
In nearly all of the experiments at Lawrence Livermore National Laboratory the
Doppler-shifted light is greater than the original laser frequency, that is, fd(t) > fo
[34]. Because the PDV system responds to the absolute value of the beat frequency,
it cannot tell the difference between a surface moving toward the probe or a surface
moving away from the probe with the same speed [34].
The heart of the PDV design is based on a fiber-optic component called a three-
port circulator (Figure 19) [35, 34]. The circulator has the property that light injected
into port 1 will be emitted out of port 2, but not port 3. Light injected into port 2 will
be emitted out of port 3, but not port 1. The efficiency for the transportation from
port 1 to port 2 and from port 2 to port 3 is 0.85 while the efficiency for transporting
light in any other direction is < 10−6 [34]. The fiber laser is connected onto port 1,
the probe onto port 2, and the detector system onto port 3. Since the entire system is
fiber-coupled, efficiency is quite high overall [34]. The source of non-Doppler-shifted
light comes from the fiber end face of the probe in the setup at LLNL because non-
shifted light cannot travel from port 1 to port 3 directly [34]. In the PDV system
at the High Strain Rate Lab at Georgia Tech, the non-shifted light comes from a
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Figure 19: The PDV system shown with three-port circulator, component vendors,
and parts numbers (Strand, 2006).
retroreflector split off from the fiber-optic feed to the probe. This allows the amount
of unshifted light to be adjusted for the power optimization at the detector.
The new digitizers that have come to market have very high bandwidths, very
high sample rates, and large amounts of memory. Strand et al. [34] use a Tektronix
digitizer with an 8 GHz bandwidth, sample rate of 20 GS
S
per channel, and enough
memory to record for 1.6 ms. The Nyquist limit for recording a wave form is equal to
one-half the sample rate, which means that a 10 GHz beat wave form could, in theory,
be recorded and the frequency determined [34]. A beat signal with that frequency
would correspond to a velocity of 7750 m
s
. The maximum velocity is also limited by
the bandwidth of the system. The detectors at LLNL have 12 GHz bandwidth, which
when coupled with 8 GHz bandwidth of the digitizer give
BW =
0.35
tr
, where tr is rise time (13)
t2r,system = t
2
r,1 + t
2
r,2 + . . . (14)
yielding a total bandwidth of ∼ 6.7 GHz and a maximum velocity of 5160 m
s
[34].
PDV data analysis is done using a sliding Fourier transform method [34]. Laser
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wavelength, time per point in the data record, and the desired number of points
in the Fourier transform window are input in the analysis software. The sliding
Fourier transform algorithm calculates the frequency spectrum for the first temporal
window, then advances a specified amount of time and calculates the next frequency
spectrum. Strand et al. [34] tested the Fourier transform on 100% random noise and
found an average velocity error of only 0.01%, but after more testing found a velocity
uncertainty of ∼ 1% to be more realistic.
There are many advantages to the PDV system. It is an all-fiber system that
only requires contrast adjustment [17]. The tracking distance, i.e. the length over
which useful data is returned, can track up to 15 mm [17]. The PDV system itself is
compact and relatively inexpensive [34], as well as being efficient due to fiber coupling.
Fluctuations in light intensity can be seen in the data, but the PDV system is robust
against large variations [34]. Because the PDV system creates a beat frequency based
off of the original laser frequency, velocity measurements are based on a constant
baseline. This means that a drop in data does not affect analysis of the rest of the
signals. Analyzing the data using Fourier transform techniques allows observation
of multiple discrete velocities, as well as dispersion [34]. The disadvantages of PDV
include a large dynamic range requirement to continue measurement with extreme
low or high beat amplitudes [35]. Also, acoustic modes in the fibers can introduce
noise [17]. Temporal resolution is limited to 10 ns, which can make measurement of
shock break-out more difficult [17].
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CHAPTER III
LASER-DRIVEN MINIFLYER SET-UP: LAYOUT AND
COMPONENTS
The setup of the miniflyer system in the High Strain Rate Lab at Georgia Tech consists
of three parts. The first part is the drive laser, a Continuum Powerlite Precision II
Plus operated at 1064 nm and injection seeded to improve beam quality. The 12 mm-
diameter beam first travels through a Faraday isolator to ensure no reflected light
reenters the laser. Mirrors then redirect the beam through an 8 mm aperture that
cuts off the outer 2 mm of the Gaussian beam (Figure 20) or a refractive beam shaper
(Figure 21). The refractive beam shaper is preceded by a lens pair to focus the 12
mm-diameter beam down to the 5 mm-diameter needed to enter the beam shaper.
A 250 mm focusing lens focuses the beam on to the substrate/flyer assembly; the
second part of the miniflyer system. The size of the irradiant area can be adjusted by
moving the focus lens closer or farther away from the substrate/flyer assembly. The
energy of the laser is absorbed by the composite coating layer deposited on to the
substrate. A plasma is created from this energy absorption. As the plasma expands,
the flyer is accelerated with a velocity related to the energy of the pulse and the mass
of the flyer. PDV diagnostics constitute the third part of the miniflyer system, and
are used to measure the velocity of the flyer plate. Detail of the components and the
layout of each part is described next.
This chapter is divided into three sections: laser drive source, impact experiment
assembly, and time-resolved diagnostics. The laser drive source section includes ev-
erything used to create the final pulse that impacts the substrate on to which the
miniflyer is attached. The impact experiment assembly is the chamber and everything
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Figure 20: Miniflyer system table layout 1: (1) 3 J Nd:YAG 1064 nm driving laser,
(2) fiber optic coupled injection seeder laser, (3) 2.7 mW Diode 635 nm alignment
laser, (4) Faraday isolator, (5) high-energy mirrors, (6) 8 mm aperture, (7) 250 mm
focusing lens, (8) experiment chamber, (9) laser diagnostics.
Figure 21: Miniflyer system table layout 2: (1) 3 J Nd:YAG 1064 nm driving laser,
(2) fiber optic coupled injection seeder laser, (3) 2.7 mW Diode 635 nm alignment
laser, (4) Faraday isolator, (5) high-energy mirrors, (6) beam resizing optics, (7)
refractive beam shaper, (8) 250 mm focusing lens, (9) experiment chamber, (10) laser
diagnostics.
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within it. Time-resolved diagnostics includes all equipment used to characterize the
flight of the flyer and measure the particle velocity at the rear surface of the specimen.
3.1 Laser Drive Source
The first part of the laser-driven miniflyer system directs a spatially-shaped pulse of
desired amplitude and uniformity onto the substrate/flyer assembly. The character-
istics and components are described below.
3.1.1 Drive Laser Characteristics
The driving laser used to launch the flyer is a Q-switched Nd:YAG laser consisting
of an oscillator and two amplifiers. The oscillator produces a single 10 ns pulse with
a maximum pulse energy of 3 J. The output beam has a diameter of 12 mm. Upon
exiting the laser, the beam travels through a Faraday isolator made by Electro-Optics
technology. The Faraday isolator prevents any stray reflected beams from re-entering
the laser cavity and causing damage to the laser. At lower laser power, the isolator
transmits ∼ 90% of the laser energy, but at higher laser power, the isolator transmits
∼ 80% of the laser energy. Two high-energy Nd:YAG laser mirrors made of UV
grade fused silica substrates and ultrahard dielectric coatings are used to steer the
beam toward the target chamber. An 8 mm aperture is used to sample a portion of
the Gaussian beam. The aperture also introduces a diffraction pattern on the beam
profile. Figure 22 shows the Gaussian beam profile before the experiment chamber
without the apertrue in place and Figure 23 shows the psuedo-top hat beam profile
before the experiment chamber with the aperature in place.
Figure 24 shows the beam profile after passing through a refractive beam shaper.
The flat-top beam profile from the beam shaper is not significantly improved over
the beam profile created by use of the aperture. The beam shaper has a damage
threshold of 10 J
cm2
peak energy, this limits the input beam energy to 981 mJ. After
a 10% loss from the beam shaper, the maximum laser fluence that can be used to
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Figure 22: Gaussian beam profile of the driving laser.
Figure 23: Psuedo-top hat profile created by the 8 mm aperture.
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Figure 24: Psuedo-top hat profile created by the refractive beam shaper.
launch a flyer is 900 mJ. The aperture has a transmittance of 45%, so at maximum
drive laser output of 3 J only 1350 mJ is available to drive the miniflyer. Given that
the flat top profile created by the beam shaper is not significantly different from that
of the aperture, the 8 mm aperture is used to shape the beam because it allows higher
fluences to be used.
3.1.2 Laser-Drive Source Components
3.1.2.1 Nd:YAG Laser
The Continuum Powerlite Precision II Plus is used for its high power and beam
quality. The Gaussian mirror coupled resonator is optimally mode-filled for maximum
energy extraction allowing amplification up to 3 J per pulse [6]. Within thirty minutes,
the laser has a pointing stability of <±30 µrad and divergence of 0.45 mrad. The far-
field beam has a nearly Gaussian profile with a least squares fit of 0.95 (a coefficient
of 1 would be perfect). During use, the laser uses 1-3 gallons of city water per minute
to maintain the power supply around 88◦F.
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3.1.2.2 Seeder Laser
The seeder laser is a Continuum Surelite I-10. Its purpose is to produce an ultra-
narrow Single Longitudinal Mode (SLM) output with a smooth temporal profile [36].
This SLM output is used to control the properties of the high power oscillator in
the Powerlite. A seed beam is produced by injecting a beam from a single mode
continuous-wave diode fiber laser into the resonator of the Surelite oscillator. The
resulting beam is injected into the Powerlite oscillator and serves as a seed from which
the pulsed laser output grows [4]. The reason for this is that the spectral properties of
a low power laser are much easier to control than those of a high powered laser. The
seeder laser is able to produce an SLM output at 1064 nm from which the Powerlite
can base its output. This works by the fact that naturally occurring pulses always
begin from a zero point energy of the laser resonator or from spontaneous emission.
If the injected seed is large enough, the pulse growing from the injected seed will
overwhelm the naturally occurring pulse in the high power laser. When this happens,
the laser output mimics the properties of the seed rather than its own properties.
In this way, the Powerlite Precision II Plus is able to emit up to 3 J while still
maintaining the spectral properties of a lower power output laser.
3.1.2.3 Alignment Laser
The alignment laser is a 635 nm diode laser. This visible light laser is used to ensure
proper alignment of the laser table setup before the high power laser is sent through
the optics. It is important for a user of the miniflyer system to know where the high
power beam is. The Powerlite laser operates at 1064 nm, which is in the infrared
part of the spectrum, thus light emitted by the laser is invisible to the human eye.
The high power beam can cause serious burns and/or blindness, so it is important to
know where it is at all times. The visible alignment beam allows the user to check
for stray reflections and any other issues that may be a problem when the Nd:YAG
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Figure 25: The three components of a Faraday isolator (light traveling left to right).
Light travels through easily.
laser is on full power. Once the system is set up and locked in, the alignment laser is
only used when changes to the table layout are made and for aligning experiments.
3.1.2.4 Faraday Isolator
The Faraday isolator made by Electro-Optics Technology is used in our miniflyer
acceleration system. It functions as a one-way light valve, permitting radiation to
pass through in only one direction and not the other, thus preventing harmful back-
reflections from reaching the laser source [22]. The Powerlite laser emits light that is
horizontally, linearly polarized. The horizontally polarized light travels freely through
the input polarizer. As the light travels from left to right through the Faraday rotator
it is rotated 45◦ clockwise. It exits through the 45◦ polarized output polarizer. If any
light were to reflect back into the Faraday isolator it would enter through the output
polarizer at 45◦, rotate 45◦ more in the Faraday rotator, and then hit the input
polarizer vertically polarized. Since vertically polarized light can not travel through
a horizontal polarizer, the reflected beam is effectively blocked. Figures 25 and 26
show the process by which a Faraday isolator works.
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Figure 26: The three components of a Faraday isolator (light traveling right to left).
Light is blocked by the input polarizer.
3.1.2.5 High-Energy Mirrors
The high-energy Nd:YAG laser mirrors used in the laser-driven miniflyer system are
made of UV grade fused silica substrates and ultra-hard dielectric coatings. They are
designed to withstand high-energy pulses and have a high damage threshold. This is
very important as the Powerlite laser emits 3 J over a circle with a diameter of 12
mm. This gives the laser a fluence of 2.65 J
cm2
at its original beam size. When the
beam is focused to its final size of 3 mm in diameter, the fluence becomes 42.44 J
cm2
.
The turning mirrors used in the system will withstand fluences of 10 J
cm2
at 1064 nm,
so in order to prevent damage, the minimum diameter of the beam when hitting a
turning mirror must be 6.2 mm.
3.1.2.6 Optics
The optics in the system are used to size the laser beam to fit the 5 mm diameter
input of the beam shaper before bringing the final beam diameter to 3 mm. As with
the mirrors, it is important that these optics are designed to withstand high fluences.
They must also have an anti-reflective (AR) coating to prevent light from traveling
back through the system. The spherical lenses used are made of the same UV grade
fused silica as the mirrors and have a damage threshold of 3 J
cm2
. They have a λ/8
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Figure 27: The effects of lenses on the beam size.
surface irregularity and 20-10 scratch-dig, as well as the AR.33 laser line multilayer
V-coating that gives a Rmax < 0.25% at 1064 nm. The plano convex lenses have a
focal length of 250 mm, and the plano concave lens has a focal length of -100 mm.
Figure 27 shows the effect the lenses have on the beam size as it travels through the
optics, as well as the distances needed to produce these effects.
By using the same setup as a beam expander, but reversing the direction of light,
the laser beam can be condensed to a smaller diameter. The inverse equation of
magnification is used to determine the ratio that the beam diameter is condensed.
Magnification−1 =
f2
f1
The distance between lenses is determined by the equation d = f1− | f2 |. Using the
equations above, it is found that the beam diameter will be reduced from 12 mm to
4.8 mm, and the distance between the lenses should be 150 mm.
3.1.2.7 Refractive Beam Shaper
The refractive beam shaper is from Newport optics (GBS-NIR-H3). It is designed
for use with high power lasers of wavelength 800-1120nm. Using the parameter β
discussed in Chapter 2 can help determine the quality of the transformation from
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Gaussian to flat-top
β =
2
√
2pir0Y0
fλ
(15)
where λ is 1.064 ∗ 10−3 mm, r0 is 2.5 mm, Y0 is 4.0 mm, and f is 1000 mm yields a
resulting β of 47. Using the following guidelines;
• if β <4, a beam shaping system will not produce acceptable results,
• when 4< β <32, diffraction effects are significant and should be a part of the
design of the beam shaping system,
• when β >32, geometrical methods should be adequate for design of beam shap-
ing systems,
it is clear that the beam shaper used for this system is more than adequate for creating
a flat-top profile.
It is important to consider the power densities that will be used with the beam
shaper as it has a damage threshold of 10 J
cm2
. The Gaussian shape output of the
Powerlite laser requires the energy density to be multiplied by a factor of two to
account for the difference between the peak laser energy and the full-width half-max
(FWHM) energy. Figure 28 shows the relation between the FWHM energy and the
peak energy. Thus, when doing calculations before a laser shot, a multiplication
factor of two should be considered because energy density is calculated using FWHM
when using the simple calculation of (laser energy)/(area of laser spot). The beam
shaper takes a 5 mm-diameter (at its base) Gaussian input beam and emits an 8
mm-diameter top hat beam. The beam shaper has a transmittance of roughly 90%.
3.1.2.8 Beam Splitter
A pellicle beam splitter can be used to sample ∼ 8% of the beam right before the
impact experiment assembly. The split-off light can be directed into a beam profiler
for analysis of the beam’s profile or it can be sent to a power meter for calculations
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Figure 28: Maximum laser energy versus FWHM laser energy.
of actual beam power hitting the target. There are a couple disadvantages to this
method. Through testing, it was found that the beam splitter split-off between 7%
and 10% of the laser beam light. Because of this unknown, the decision was made
that taking an average of beam power directly from the main laser beam was a
more accurate way to predict the power that irradiated the target. The beam profile
was found to be quite consistent once the laser-driven miniflyer system was aligned
correctly, so the loss of power to split the beam to observe its profile was unnecessary.
The beam splitter may be useful in some situations, but the current setup does not
use it as a permanent part of the laser system in order to use the largest laser fluence
possible for experiments.
3.1.2.9 Beam Profiler
The beam profiler is a Coherent LaserCam-HR featuring a USB 2.0 interface that
provides power to the system as well. The LaserCam is able to operate with both
continuous-wave and pulsed lasers up to 800 mW
cm2
with the low distortion faceplate
attached. The beam profiling system uses PC software that can measure centroid
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and peak locations, pointing stability beam width/diameter, divergence, Gaussian
fit analysis, elliptical analysis and uniformity analysis. The uniformity analysis is
utilized by the High Strain Rate Lab to determine the quality of the flat-top beam
after it has been shaped by the beam shaper.
3.1.2.10 Power Meter
The power meter is made by Ophir Laser Measurement Group. The 30(150)A-HE-
DIF thermal head is recommended for use with highly concentrated beam Q-switched
lasers and it comes with a diffuser head to spread out concentrated beams. The aper-
ture is 17 mm, which is big enough for measurements from any position in the laser
system. The maximum energy density for < 100 ns pulses and 10-50 Hz repetition
rates is 5 J
cm2
for 1064 nm with the diffuser attached. Without the diffuser attached,
the maximum energy density is only 2 J
cm2
.
The thermal head is connected to the NOVA II Power Meter. The NOVA II
can measure power or energy from pJ and pW to hundreds of Joules and thousands
of Watts. The power meter can be connected to a computer as well. Because the
Powerlite is a pulsed laser, its energy can change from shot to shot. The software
included in the power meter system allows average power or energy to be recorded
for a specific number of pulses. This feature is useful in determining the laser fluence
at the target when the power meter is included in the beam path.
3.2 Substrate/Flyer Assembly
3.2.1 Window Material
The window material used for the laser-driven miniflyer acceleration experiments is
commercial-grade BK7 (ESCO Products). This material is transparent to the driving-
laser wavelength just like sapphire, fused silica, and laser-grade BK7, but at half the
price of the next cheapest option. Robbins et al. [27] found that BK7 windows yielded
slightly higher velocities than the other windows. Laser-grade BK7 yielded slightly
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higher velocities overall than commercial-grade BK7, but with a price more than four
times that of commercial-grade BK7. Hence, the choice was made to use the low
cost option of commercial-grade BK7. All subsequent work is performed using this
window material.
3.2.2 Substrate Window Coatings
Flyer plates are mounted on 1.59 mm thick BK7 substrates (ESCO Products) that
are coated with a thin film composite of carbon, aluminum oxide and aluminum by
Spectrum Thin Films. The first coating on the substrate is a 0.5 µm-thick layer of
carbon followed by a 0.5 µm-thick layer of aluminum oxide. The final coating is a
1.5 µm-thick layer of aluminum. The carbon layer acts as a laser light absorber, thus
creating a rapidly expanding plasma. The aluminum oxide acts as a thermal barrier
between the plasma and the flyer plate, and the aluminum layer helps to contain the
plasma to create a more efficient launch of the flyer.
3.2.3 Flyer Material and Thickness
Copper foils of 25 µm-, 50 µm- and 100 µm-thickness are used as the miniflyers. The
flyers are cut from the foil sheets using a commercially available metal punch set. Each
punch had a starter point that was removed by putting the punches on the lapping
wheel for approximately an hour. The 1/8 inch punch cuts a flyer of approximately
3.2 mm-diameter while the 3/32 inch punch cuts a flyer of approximately 2.4 mm-
diameter. The flyer disc is typically bent after it is punched out, so it is flattened
by rolling an aluminum cylinder on top of it and then pressing it at 10000 pounds
between two lapped hardened-steel platens with the hydraulic press. The pressing
process also removes any kerf on the flyer edges that may affect the planarity of the
flight.
Loctite HYSOL RE2038/HD3475 Electronic Formulated Liquid, a low viscosity,
general casting system with excellent electrical and physical properties, is used to
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mount the flyer to the coated side of the substrate. Because of the very low viscosity,
a very thin bond on the order of a couple of microns can be achieved between the
flyer and the outer aluminum coating of the substrate. The epoxy is mixed and put
under vacuum for 5-10 minutes to minimize air bubbles. A push pin is used to place
a very small drop of epoxy on the substrate. The flyer is then placed on the epoxy
drop and the whole assembly is placed between two pieces of Teflon on a granite
block. Approximately 15 pounds of dead weight is put on the assembly with a lapped
piece of steel between the weight and the assembly to ensure even glue thickness. The
epoxy is then allowed to cure for 24 hours. Once the epoxy has cured, the substrate is
marked on the uncoated side with a permanent marker to indicate the position of the
flyer. An apparatus was created to ensure that the marker spot is directly opposite
of the flyer location. This apparatus is pictured in Figure 29. The marker is aligned
with the small point of plastic on the bottom so that when the flyer is centered on the
plastic point, the marker will mark this position on the other side of the substrate.
This positioning is important so that the laser irradiates evenly over the entire flyer
area allowing for planar flight of the flyer.
3.2.4 Substrate/Flyer Holder
To allow for multiple shots from one substrate, a substrate/flyer holder was fabricated
from PMMA (Figure 30). The substrate/flyer holder has a 19 mm hole that the
coated substrate can be mounted in. Lapped spacers are used to maintain consistent
distances within the holder. On the back of the substrate/flyer holder is a mount
to hold a small piece of acrylic sheet. The acrylic sheet ensures that no flyer debris
contacts the PDV probe. It is mounted at an angle to minimize the reflection of the
PDV laser. The substrate/flyer holder is mounted on a movable stage so that it can
be moved both vertically and horizontally, allowing for multiple shots on different
parts of the coated substrate.
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Figure 29: An apparatus created to ensure that the marker spot is directly opposite
of the flyer location. The marker is aligned with the small point of plastic on the
bottom so that when the flyer is centered on the plastic point, the marker will mark
this position on the other side of the substrate.
Figure 30: PMMA open air sample holder.
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Figure 31: Single shot open air impact experiment chamber.
3.2.5 Flyer-Target Impact Experiment Chamber
A flyer-target impact experiment assembly was designed to hold the flyer and sub-
strate assembly, as well as the target, if one is needed for the experiment, in a planar
alignment. Lapped spacer rings are used to ensure that each component of the ex-
periment assembly is held parallel to the others. Currently, the impact experiment
assembly is designed for open air impacts as shown in Figure 30 and 31, but a con-
tainer designed to be held under vacuum has been fabricated as well (shown in Figure
32). The vacuum-ready chamber is designed for single-shot experiments and is mod-
eled after the chamber in use at Los Alamos National Laboratory. Figure 33 is the
typical component layout inside of the vacuum chamber. The outer windows are
sealed to the chamber itself with o-rings. All interior components are separated by
lapped steel spacers. Both the open air and vacuum-ready chambers have a 19 mm
diameter hole that holds the substrate/flyer assembly, spacer rings, and target.
The impact experiment assembly is placed in position before the beam converges
to avoid dielectric breakdown in air. The last focusing lens has a focal length of 250
mm so the assembly must be less than 250 mm from the lens. To change the size
of the irradiation spot, the lens can be moved closer to or farther from the impact
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Figure 32: Impact experiment chamber designed to hold a vacuum.
Figure 33: Typical set of components as assembled inside vacuum chamber (Rob-
bins, 2004.
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Figure 34: Beam spot size at different distances from the focal lens.
assembly. The beam exiting the beam shaper is 8 mm-diameter, so for a 3 mm spot
size the distance between the lens and the interface between the substrate and the
C/Al2O3/Al coating should be 156.25 mm, or 5/8 of the total focal length away from
the interface. For a 1 mm-diameter beam, the lens would be positioned 218.75 mm,
or 7/8 of the total focal length away from the interface. Figure 34 graphically displays
this concept.
3.3 PDV Setup
The PDV system consists of an IPG Photonics ELR-3-1550 SF 3 W single frequency
Erbium Fiber Laser operating at a 1549.2 nm wavelength, the Bechtel Nevada Pho-
tonic Doppler Velocimeter (H-EO-61-B), and the Tektronix DPO 70804 Oscilloscope
with 8 GHz bandwidth. The system bandwidth of the detector (12 GHz) and oscil-
loscope is 6.7 GHz. This means that the bandwidth limited maximum measurable
velocity is 5200 m
s
, well beyond the velocities created by the current laser system.
The IPG laser beam is sent through an optical fiber to a 48 mm PDV focusing probe.
After ensuring that the PDV beam and alignment laser beam are aligned with
each other, the substrate is mounted in front of the PDV probe. The IPG laser
is turned on at its lowest power, and the amount of reflected light is maximized
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by altering the tilt of the substrate, as well as the distance from the probe. After
this optimization, the probe is backed away from the sample until the PDV system
photodetectors reads -11 dBM. The power on the IPG laser is increased so that the
PDV system reads around -4 dBM and then unshifted light is added until the PDV
system has an average reading of -3 dBM. This process minimizes the harmonics that
may be induced in the velocity profiles measured from PDV photodetector readings
above 0 dBM.
The resulting beat frequency wave form is converted into DigSys files using Mag-
Plot software. The DigSys files are analyzed using a Fast Fourier Transform in the
pTool software. A window size of 5000 time points and a shift of 500 time points are
used with a contrast minimum of -70 dB as a starting point for the transform. A
total of 1000 points is equal to 400 ns. A smaller shift time yields better results, but
is also more computationally intensive. Window size is a trade-off between certainty
and velocity duration. Figure 35 shows PDV velocity traces revealing the effects of
changing window size. At smaller window sizes (Figure 35a), many velocity com-
ponents can be seen. As the window size is increased (Figure 35b), there is more
certainty in the velocity because more cycles are counted in each window. As the
window size is increased further (Figure 35c), the velocity curve starts to spread out,
and if the window size is too large (Figure 35d), velocities with short duration are
lost, and the velocity curve is too wide for accurate time data to be recorded. A
velocity curve can be extracted from the profiles in Figure 35 by tracing around the
velocity curve. pTool software then displays a velocity curve with the background
noise removed, bandwidth, and uncertainty errors (Figure 36). Data can be saved in
ASCII format for analysis in Excel.
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Figure 35: PDV velocity curves with varying window sizes: (a) window = 3000 time
points, (b) window = 6000 time points, (c) window = 12000 time points, (d) window
= 25000 time points.
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Figure 36: Velocity information is extracted by tracing the velocity curve. Data
can be saved in ASCII format for analysis in Excel.
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CHAPTER IV
REPRESENTATIVE MEASUREMENTS
The purpose of the research performed in this work was to set-up and characterize
the performance of the laser-driven miniflyer system. Experiments were done using
the laser system setup in which the 8 mm aperture was used for beam shaping. Flyers
of 3.2 mm-diameter and 100, 50, or 25 µm thickness were used. Similar experiments
were performed with flyers of 2.4 mm-diameter and 100, 50, or 25 µm thickness. To
further characterize the laser-driven miniflyer system performance, experiments were
also done using the laser system setup in which the refractive beam shaper was used.
All work used PDV for velocity diagnostics, and the resulting velocity curves were
used to determine conversion efficiency of the miniflyer system.
4.1 Flyer Velocity Profiles
Figures 37 and 38 show examples of typical velocity profiles for a 3.2 mm-diameter,
100 µm thick flyer irradiated with ∼ 900 mJ and a 2.4 mm-diameter, 25 µm-thick
flyer irradiated with ∼ 900 mJ, respectively. The velocity profiles illustrate a rise to
peak terminal velocity in ∼ 1µs for both heavier (3.2 mm x 100 µm) and lighter (2.4
mm x 25 µm) copper flyers, accelerated with the same laser fluence. Initial rapid
acceleration took place in ∼ 25 ns for both the heavier and lighter copper flyers. The
temporal resolution of 10 ns of the PDV system is limiting in this analysis. The
peak velocities obtained from these profiles were used to determine the effects of laser
fluence and flyer mass, and, in turn, obtain the laser energy conversion efficiency. The
velocity versus time profiles were also converted to velocity versus distance profiles
to determine the distance over which the terminal velocity is attained.
In the experiments used to characterize the laser-driven miniflyer system, the
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Figure 37: Flyer velocity versus laser pulse energy for 3.2 mm-diameter, 100 µm-
thick flyer. Beam shaping done using an 8 mm aperture.
Figure 38: Flyer velocity versus laser pulse energy for 2.4 mm-diameter, 25 µm-thick
flyer. Beam shaping done using an 8 mm aperture.
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flyer was allowed to fly about 10 mm in order to get as complete a velocity profile
as possible. This data is used to plot velocity and distance versus time, as well as
velocity versus distance. With these plots, it can be determined at what time and
distance the flyer reaches a steady state velocity. Figure 39 compares the distance
traveled before steady-state velocity is reached for 100 µm-, 50 µm-, and 25 µm-thick
flyers of both 3.2 mm- and 2.4 mm-diameter over a long distance. Figure 40 compares
the distance traveled before steady-state velocity is reached for 100 µm-, 50 µm-, and
25 µm-thick flyers of both 3.2 mm- and 2.4 mm-diameter over the distance traveled
during the initial launch of the flyers. This distance is dependent mainly on the final
velocity that the flyer is able to achieve, which is based on the mass of the flyer (Table
2). As the mass decreases the flyer reaches a higher velocity and must travel farther
before reaching that steady-state velocity. In this system, the acceleration of the
flyers varies from 6.209x109 m
s2
for the heaviest flyers to 1.609x1010 m
s2
for the lightest
flyers. There are limits on the accuracy of this data as PDV is limited in tracking
very high accelerations, but the behavior of the flyers is reasonable.
4.2 Effect of Driving Laser Energy
The characterization of the laser-driven miniflyer using velocity versus laser pulse
energy provides essential information needed for further experiments in which flyer
velocity information is needed but may not be directly measurable using PDV, such
as in spall studies or impact experiments against non-transparent materials. In these
cases, it is important that the accurate velocity of the flyer of given dimensions and
mass for a particular laser pulse energy is available. Figures 41 and 42 are plots
of the various velocity versus laser energy trends obtained in the characterization
experiments for the laser system. It can be seen that the maximum velocities attained
with maximum laser energy of 1.3J ranges from∼ 250−700 m
s
for the 3.2 mm-diameter
flyers and ∼ 300− 925 m
s
for the 2.4 mm-diameter flyers.
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Figure 39: Velocity versus total distance traveled curves for ∼900 mJ shots on 3.2
mm- and 2.4 mm-diameter flyers of 100 µm, 50 µm, and 25 µm thickness. Beam
shaping done using an 8 mm aperture.
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Figure 40: Velocity versus distance traveled during initial launch curves for ∼900
mJ shots on 3.2 mm- and 2.4 mm-diameter flyers of 100 µm, 50 µm, and 25 µm
thickness. Beam shaping done using an 8 mm aperture.
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Figure 41: Flyer velocity versus laser pulse energy for 3.2 mm-diameter flyers in
three thicknesses: 100 µm, 50 µm, and 25 µm. Beam shaping done using an 8 mm
aperture.
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Figure 42: Flyer velocity versus laser pulse energy for 2.4-mm diameter flyers in
three thicknesses: 100 µm, 50 µm, and 25 µm. Beam shaping done using an 8 mm
aperture.
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Figure 43: Flyer velocity versus laser pulse energy for 25 µm-thick flyers of 3.2- and
2.4 mm-diameter. Beam shaping done using an 8 mm aperture.
It is readily apparent that the change to a smaller diameter flyer affects the final
velocity of the flyer. In following with conclusions drawn by Trott et al. [42], the
flyer velocity varies with the square root of the mass of the flyer assuming constant
conversion efficiency and laser pulse energy, v =
√
2kE
m
. It can be seen in Figures 41
and 42 that as the mass doubles from 25 µm to 50 µm or 50 µm to 100 µm, the final
velocity is roughly 70% lower. Looking at Figure 43 for 25 µm-thick flyers, it can be
seen that the smaller diameter flyers are less consistent in their fit to a curve of the
form V = A
√
E −Eo with A =
√
2k
m
. A similar trend can also be seen in the 50 µm-
and 100 µm-thick flyers. The cause may be a higher concentration of laser power on
the same substrate coatings causing ineffeciencies in launch or a misalignment of the
smaller flyers with the PDV probe beam.
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Figure 44: Plots of flyer velocity versus laser pulse energy for 50 µm-thick, 3.2
mm-diameter flyers comparing beam shaping done with a refractive beam shaper and
beam shaping done using an 8 mm aperture.
While the velocity trends revealed in Figures 37 - 43 employed the 8 mm aperture
for beam shaping, experiments were also done to investigate the effects of replacing
the 8 mm aperture with the refractive beam shaper. However, because of the damage
threshold of the beam shaper, input laser energy was limited to under 700 mJ. The
comparison of data in Figure 44 shows that the beam shaper has no substantial
impact on the final velocity of the miniflyer for the case of the 50 µm-thick, 3.2 mm-
diameter flyers. Further experiments with imaging techniques are needed to obtain
knowledge of the planarity of the flyer with and without the beam shaper. It may be
advantageous to use the 8 mm aperture because of the unlimited damage threshold.
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Table 2: Average flyer mass, minimum launch energy and conversion efficiency for
each flyer setup.
Flyer
Diameter
Flyer
Thickness
Average
Flyer Mass
Minimum
Launch
Energy
Conversion
Efficiency
3.2 mm 100 µm 0.00726 g 38 mJ 43%
3.2 mm 50 µm 0.00441 g 38 mJ 46%
3.2 mm 25 µm 0.00359 g 30 mJ 55%
2.4 mm 100 µm 0.00221 g 18 mJ 42%
2.4 mm 50 µm 0.00177 g 4 mJ 36%
2.4 mm 25 µm 0.00097 g 0.15 mJ 36%
4.2.1 Conversion Efficiency
An important performance attribute of the laser-driven miniflyer system is the con-
version efficiency of the Nd:YAG laser into kinetic energy of the flyer. There are many
parameters that can affect this efficiency; two of which are window material and sub-
strate coating. The laser-driven miniflyer setup used in the High Strain Rate Lab and
based on the setup at Los Alamos National Laboratory [27] employed commercial-
grade BK7 as the window material and a composite coating of 0.5 µm carbon, 0.5
µm aluminum oxide, and 1.5 µm aluminum on the substrate.
As with studies by Sheffield et al. [31], Trott et al. [42], and Robbins et al.
[27], the relationship between velocity and energy is expected from a model where
total energy is conserved and the foil kinetic energy is equated to the laser energy
multiplied by a conversion efficiency constant. To calculate this conversion efficiency,
k, the measured peak velocity is plotted as a function of the square root of the laser
pulse energy (Figure 45). A linear regression line fit to the data points yields the
slope, m, equivalent to
√
2k
m
. Once k is determined a least-squares fit of the form
V = A
√
E −Eo with A =
√
2k
m
can then be fit to the original data trends of velocity
versus laser pulse energy.
Figures 46 and 47 plot the velocity versus laser pulse energy for 3.2 mm- and 2.4
61
Figure 45: Plot of velocity versus the square root of laser pulse energy for 3.2
mm-diameter, 25 µm-thick flyers. A linear regression is used to find the conversion
efficiency, k, for the system.
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Figure 46: Plots of flyer velocity versus laser pulse energy with k curve fit for 3.2
mm-diameter flyers in three thicknesses: 100 µm, 50 µm, and 25 µm. Beam shaping
done using an 8 mm aperture.
mm-diameter flyers of 100 µm, 50 µm, and 25 µm thickness. As can be seen from the
plots, the minimum energy required to launch a particular flyer can be determined
from the V = 0 intercept of the curve. This value corresponds to Eo in the model
equation. The values of the minimum energy to launch a flyer are shown in Table 2.
The order of these values of conversion efficiencies is expected as it takes more energy
to launch a flyer with more mass.
The conversion efficiency of the laser-driven miniflyer setup in the High Strain
Rate Lab at Georgia Tech with the Continuum Powerlite II Plus laser surpasses many
recorded values by other research teams. Sheffield et al. [31] reached a conversion
efficiency of 25% for 66 µm-thick aluminum flyers of 1.5 mm-diameter. Trott et al.
[42] found k values approaching 35% for both 12.7 µm- and 5 µm-thick aluminum
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Figure 47: Plots of flyer velocity versus laser pulse energy with k curve fit for 2.4
mm-diameter flyers in three thicknesses: 100 µm, 50 µm, and 25 µm. Beam shaping
done using an 8 mm aperture.
foils directly coupled to the output face of 0.2 mm to 1.0 mm diameter fiber optic
cables. Robbins et al. [27] calculated a conversion efficiency of 14% for 3 mm-
diameter, 50 µm-thick copper flyers. The lowest conversion efficiency value from
current characterization experiments in the High Strain Rate Laboratory was 36%,
and the highest conversion efficiency was 55%. Figure 48 displays the efficiency results
from our current experiments, as well as the data point from Robbins et al. [27].
The 3.2 mm-diameter flyers have a higher conversion efficiency, except for the 100
µm-thick flyer. Shots done above 700 mJ of laser pulse energy with the 100 µm-thick
flyers resulted in small discs of BK7 roughly equal to the size of the flyer but half the
mass broke free from the substrate on the side of the incoming laser pulse. These discs
had considerable velocity in the opposite direction of the flyer velocity, which may
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Figure 48: Conversion efficiency, k, for each flyer setup versus flyer thickness. Error
is based on the farthest point from the linear fit to the plot of velocity versus square
root of laser pulse energy.
explain the lower conversion efficiency as some of the laser pulse energy can be lost in
the breaking of the BK7 substrate and the kinetic energy of the flying BK7 disc. This
phenomenon was only seen with the 100 µm-thick, 3.2 mm-diameter flyers due to the
increased mass. To increase the efficiency of these shots thicker BK7 substrates can
be used that better resist breaking under the pressure of the expanding plasma.
The higher values of conversion efficiency are most likely due to variations in sub-
strate coating techniques and finishes, flyer creation techniques, or flyer attachment
techniques from other laboratories’ setups. Of these, it is difficult to determine the
exact reason for the increases in conversion efficiency without direct comparison with
other laboratories’ setup techniques.
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CHAPTER V
SUMMARY OF RESULTS AND RECOMMENDATIONS
5.1 Results
The research performed in the set-up and characterization of the laser-driven miniflyer
system included the (i) investigation of two different beam shaping methods; (ii) op-
timization of the PDV diagnostic system for flyer velocity measurements; (iii) char-
acterization of the laser system using effect of laser energy and flyer mass on velocity
profiles; and (iv) identification of the system conversion efficiencies.
(i) Investigation was done to determine which beam shaping method best created
a top hat profile while also allowing for the maximum possible laser beam pulse
energy to impact the substrate. It was determined that both the refractive
beam shaper and the 8 mm aperture created similar top hat profiles. The
velocity versus laser pulse energy plots for each beam shaping method were
nearly identical, but the beam shaper was limited to an output of 900 mJ while
1250 mJ were able to be sent through the aperture.
(ii) The PDV system is a relatively simple tool for the laser-driven miniflyer system
diagnostics. Issues can arise from harmonic velocity curves above the desired
curve, as well as varying reflections that can result in lost or weakened beat fre-
quency wave form. A reflection intensity of -11 dBM with minimum laser power
and no unshifted light was shown to be an optimal starting point. Roughly 0.3
W of laser power was able to be added to bring the photodetector reading to
-4 dBM, allowing for strong enough reflection off of the flyer in cases of mis-
alignment during flight. A small amount of unshifted light was then added
to bring the the average photodetector reading to -3 dBM. Regarding the Fast
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Fourier Transform in the pTool software, a window size to time shift ratio of 10:1
was found to be a good starting point for generating an accurate, easy-to-read
velocity curve.
(iii) Characterization of the laser system using the velocity profiles generated from
over 100 shots provided valuable information regarding the behavior of flyers of
varying thickness and diameter. Flyer velocity was found to be related to the
square root of the mass of the flyer. Copper flyers of 2.4 mm-diameter and 25
µm-thickness were found to reach the highest velocities for a given laser energy,
but overall, the 2.4 mm-diameter flyers exhibited less predictable velocities than
the 3.2 mm-diameter flyers. This was seen in the lower average R2 value for
curve fits to the 2.4 mm diameter velocity versus laser energy trends.
(iv) Overall, conversion efficiencies were higher than previously reported values, but
it is difficult to determine the exact reason for the increases in conversion ef-
ficiency for other laboratories’ setups without direct comparison to their tech-
niques. The higher values of conversion efficiency are most likely due to varia-
tions in substrate coating techniques and finishes, flyer creation techniques, or
flyer attachment techniques. Copper flyers of 3.2 mm-diameter averaged higher
conversion efficiencies than the 2.4 mm-diameter flyers, perhaps due to a larger
laser irradiation spot. Smaller irradiation area may have lead to more fracture
of the BK7 substrate, resulting in lower conversion efficiency from laser energy
to kinetic energy of the flyer.
5.2 Recommendations
Recommendations regarding (i) beam shaping methods; (ii) optimization of the ve-
locity diagnostic system; and (iii) flyer design are as follows:
(i) The refractive beam shaper, when aligned perfectly, generates a marginally
67
better flat top profile than with the use of an aperture, but it is limited by a 10
J
cm2
damage threshold. For higher power experiments, the beam shaper must
be removed from the system and replaced with the aperture. Future additions
to the laser-driven miniflyer system could be a diffuse diffractive optical beam
shaper such as the one used by Los Alamos National Laboratories (MEMS
Optical Inc.). The damage threshold for these devices is limited by the fused
silica from which they are made. Damage thresholds of 3850 J
cm2
for 8 ns pulses
from a single-mode Q-switched laser have been found for the fused silica [32].
The element is also optically loss-less because it is purely a phase mask. Further
experiments with imaging techniques are needed to obtain knowledge of the
planarity of the flyer with and without the beam shaper.
(ii) The PDV system settings can be tailored to a variety of experimental setups.
For the laser-driven miniflyer system, setting the IPG laser at a power above
0.3 W helps to ensure that enough light is reflected back into the PDV probe
even if the flight of the flyer is irregular or tilted. This can be done by finding
the maximum reflection into the probe at minimum PDV laser power and then
backing out the probe until the photodetectors read less than -11 dBM. Better
PDV readings were also found with setups that had less added-in unshifted
light rather than more. The unshifted light should only raise the total amount
of collected light at the photodetector about 1-2 dBM.
For analysis of initial acceleration profiles, VISAR is desirable because of its
temporal resolution of 1 ns compared to the temporal resolution of 10 ns for
PDV. In this way, small fluctuations in acceleration during the initial rapid
acceleration will be seen.
(iii) Flyer design regarding thickness and diameter is subjective, but given the results
of conversion efficiency, 3.2 mm-diameter flyers are somewhat more efficient in
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launch. During flight, the size of the 3.2-mm diameter flyers make it easier to
get a PDV trace. These flyers may have more area to generate air resistance,
but in the long term, the use of an evacuated experiment chamber can eliminate
this issue. Given that the 3.2 mm-diameter copper flyers are easier to handle,
and have a better fit to the velocity versus energy trends, they are recommended
for use with future impact experiments.
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APPENDIX A
OPERATION MANUAL FOR LASER-DRIVEN
MINIFLYER SYSTEM
A.1 Start-up
(i) Open city water and drain source connected to laser system (red handle should
be in line with pipe when open)
(ii) Ensure the 24V power supply switch located on rear of electronics cabinet is
ON.
(iii) Switch on electronics rack circuit breaker located on the right hand side of the
front of the cabinet. The CG604C pump will also turn on.
(iv) Turn key on front panel of CU601C counter-clockwise to the ON position.
(v) Flip the power switch on the back of the seed laser to the ON position and the
key to the ON position. Flip the mode switch to DSBL.
(vi) After approximately 15 seconds the control unit will complete its system check
and countdown. The phrase MANUAL MODE is then displayed on the
remote box RB601.
(vii) Log the shot count in the laser logbook.
(viii) Press the AUTO/MANUAL key on the remote box and ensure that PGM1
(FLASH ONLY) is displayed on the screen. Then press the START key.
(ix) The laser heads will now be flashing at the standard repetition rate of 10 Hz.
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(x) Allow the system to run for 30 minutes without Q-switching to thermally sta-
bilize the system (check the water temperature to ensure proper operating tem-
perature at 87-90◦F).
A.2 Firing
(i) Put laser protective eyewear on.
(ii) Turn the laser safety sign on (light on switch should turn on).
(iii) Open the port on the front of the Nd:YAG laser.
(iv) Open the 1064 nm wavelength port by pulling the knob on the top of the laser
closest to the door.
(v) Select the desired programmed mode of operation by pressing the PROGRAM
UP key on the control box.
(vi) Once the desired PGM is located press the ACTIVATE key to engage the
PGM.
(vii) Flip the mode switch on the seeder laser from DSBL to AUTO.
(viii) On the control box press the shutter key to open the shutter and the Q-
SWITCH key to activate Q-switching (begin lasing). The four LEDs across
the top of the control box should be flashing.
A.3 Alignment
(i) Set up two adjustable apertures (available at Edmund Optics - High Perfor-
mance Standard Series Iris Diaphragms) with a gap between them directly in
front of the Powerlite beam. A bigger gap between the apertures ensures better
alignment.
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(ii) Turn the laser on so it is firing at its standard rep rate. Ensure that it is emitting
at low power.
(iii) Using an IR card, align the first aperture (at its most open setting) to the beam
by moving the aperture until the beam comes completely through.
(iv) Close the first aperture somewhat and align the second aperture so that the
beam is centered in the aperture.
(v) Continue this process until the beam passes through both apertures at their
smallest setting.
(vi) Lock the apertures in place.
(vii) Using the alignment laser beam steerer (available from Newport) and a mirror
that reflects the alignment beam while allowing the Powerlite beam to pass
(Newport High-Energy Nd:YAG Harmonic Beamsplitter) to align the alignment
laser so that it passes through both apertures at their smallest setting (do not
move the apertures).
(viii) When the alignment beam and the Powerlite beam both pass through the aper-
tures they are in alignment.
(ix) Add one optic to the beam path at a time. Check alignment after each optic.
(x) After each optic, mount a piece of burn paper and shoot with the Powerlite.
Check to ensure that the alignment laser beam is centered on the burn spot.
If it isn’t, adjust the alignment laser positioning using the 2 mirror alignment
beam steerer.
(xi) Mount burn paper to a ruler or stand and do a shot at each point of system
to determine height changes as well. The beam should remain close to parallel
with the laser table.
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(xii) Check the alignment and beam size of the area to be irradiated by mounting a
piece of burn paper in the experiment chamber. Ensure that the alignment laser
marks the center of the burn pattern and that the radius of the beam pattern
is the correct size for the flyer being launched.
A.4 Shut-down
(i) Press the STOP key on the control box.
(ii) Close the port on the front of the Nd:YAG laser.
(iii) Close the 1064 nm wavelength port on the top of the laser.
(iv) Leave the seeder power on. Turn the key from ON to STBY. Flip mode switch
to DSBL.
(v) Turn key on front panel of the cabinet clockwise to the OFF position.
(vi) Flip the power switch on the back of the seeder laser to OFF position.
(vii) Leave the 24 V power supply switch on rear of electronics rack in the ON
position.
(viii) Switch off the electronics rack circuit breaker located on front right hand side
of cabinet (power lights may take ∼20 seconds to go out).
(ix) Close city water and drain source connected to the laser system (red handle
should be perpendicular to the water pipe).
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